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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

COXNFIDENTIAL BULLETIN

INVESTIGATION 6! THE VARIATION OF LIFT COEFFICIENT
" WITH BRYNOLDS NUIBEﬁ AT A MODERATE ANGLE
OF ATTACK ONF A LOW-DBAG AIRFOIL
By Albert B. von Doenhoff and Neal Tetervin

SUMMARY

An investigation of the boundary layer adout the
NACA 66,2-216, a = 0.6, alrfoll section has been made 1in -
the NACA two-dimensional low-turbulence tunnel, in an at—~
tempt to find an explanation for the decreased slope of
the lift curve observed for some of the low-drag sectione
outslde the low—-drag range at- low Reynolds numbers. It
was found that the effect wae probably associated with the
formation of a small local region of eeparated flow mnear
the leading edge, which decreased in elze as the Reynolds
number increased.

INTRODUCTION

It has been noticed that the curves of 1lift coeffi-
clent againet angle of attack for eome of the low-drag
sections were not straight outside the low-drag range,
prarticularly at low Reynolds numbers. At Reynolds numbera
in the flight range the 1lift curve became more nearly
straight.

In order to determine the ceuse of the variation of
"11ft coefflclent with Reynolds number at moderate angles
of attack, the effect was investigated for a representa-
tive low-drag alrfoil, the NACA 66,2216, a = 0.6. The
inveastigation, which was carried out in the NACA two-
dimensional .low-=turbulence tumnel, consisted of boundary-
layer and 1ift measurements through a range of Reynolds
numbers from 0.9 X 10° to 2.6 X 10°.

Ohanges in 1lift and boundary-layer characteristica
wore observed at an angle of attack & of 10. 1° » which




was chosen in order that a fairly large change of lift
coefficlent with Reynolds number would occur. This angle
of attack, hovever, was definitely below that for maximum
1ift,. .

APPARATUS

The tests were made in the NACA two~dimensional low-
turbulence tunnel, which has a test section 3 feet wide,
7& feet high, and 7& feet long. The two-dimensional low-
turbulence tunnel has a turbulence level of the order of
a foew hundredths of 1 verceat, as indicated by a hot-wire
anemometer.

The 1ift of the airfoll was measured by observing the
change in the pressures on the floor and on the ceiling of '
the test sectlion. 4 correction obtained theoretically 1s
applied to the measured resultse to take into account the
finite slze of the teet section. ILift coefficlents ob-
tained in thie manner are in good agreement with those ob—~
tained in the usual way from pressure-distridution measure-
ments. ) : .

The NA4OA 66,2-316, & = 0.6, alrfoil used in this in-
vestigation had a chord of 2 feet and a span of 3 feet and
entirely epanned the tunnel. The model was constructed of
wood with the grein running in the chordwise diraction to
minimige any unfelrness caunsed by uneven shrinking and
swelling of the leminatione. The surface of the airfoil
was finished with several coats of pyroxylin primer sur-
facer, wet-sanded ueing rubber dlocks.

The boundary-layer measurements behind Bﬁ percent of
the chord were made with a ¥"mouse® that consisted of a
group of four total-pressure tubes and one statlc~preseure
tube. The tubes were made of steel hypodermic tubing that
had an outside diameter of 0.040 inch and a wall thickness
of 0.003 inch. The total-preseurs tubes were flattened at
the ende until the opening at the mouth of the tube was -
0.006 inch high. A mouee one-half as large. as the one
Just descrlibed was-used: for measuremantl-atzzﬁ percent .of
the chord and forward wherse the boundary layer was espe-
cially thin. The arrangement  was similar to that dsscribed
in reference 1. .
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The NACA 66,2-316, a = O, E frfoil hectton whs set
at an angle of attack -0f 10, 19 ana the 1ift wae measured
at Reynolds numbers eof 0,9, 1, 5 3,2, 3.6, and 2,6 Xx 10°
Valuees of the 1ift were correeted for tunnel wa11 etﬂect.

The veloclity. distributiono in the boundary 1ayer were
obtained by measuring the static pressura at a point -out-

" side the boundary layer and the total pressure at several

positions within the boundary layer. The total pressure
outelde the boundary iayer wae used s& the reference preoes-
sure. TFrom thease measurementa, the ratleo of the velacity
in the boundary layer to the free—stream velocity wes
calculated as

u h~p
| T, ¥ T q, .
where - .
u Qelocity iﬁdide-bouﬁdary 1a;er
Up ‘free-stream veloclty
P local estatlc pressure
h total pressure insilde boundary leyer

q, free-stream dynamic pressure

-The. helghts of the total-pressure tubes mabove the surface

were measured with a micrometer microscope.

The pressure distributionsa were~obtdtnangt the same
time the boundary-layer measurements were teken by using
the measured ‘values of the local static pressure. .

m\ (E=2\_,_ /8N
Vo qo ’ Nor 7 -

where _: L

B . free-stream total premsure which 1ls constaﬁéhiﬁrough~

cout test section”except.in bouadary iaier and wake

-,
.



U local velocity outside boﬁndary layer

Ap difference ‘betw “Iocal stdtic pressure and free-
stream static préssure

The distances of the boundariles of the region of lam-
inar separation from the wing surface were determined by
noting the speed at which each total-pressure tube in the
boundary layer first showed a total pressure greater than
the local statlc presesure. Plots were then made of the
heigkt of the region of laminar separation at a particular
chord poasitlion agalnst speed. ¥From these plots, the bound-
ariss of the reglon of laminar separation for. the etandard
Reynolds numbers were dstermined. - -

The thicknese of the boundary layer § 18 deéfined as
the dlstance y perpendicular to the surface for which

(%@- = 0.707 (-—2} The thickness § 4is determined from
0

the boundery-layer velocity profile for the particular sta-
tion unger consideration. The angle-of attack was fixed

at 10.1" in the tunnel. Thls particular angle was chosen
because a fairly large change in 1ift coeffigcient phrough
the Reynolds number range was observed. The angle, how-
ever, was not so high as to cause the flow to. be on. the
verge of complete breakdown.

RESULTS AND DISCUSSION

The phenomenon under investigation .is.iliustrated in
.figure 1, which showe the varlation 1n the shape of the
1ift curve with Reynolds number. The varlation of section
11ft coefficient with Reynolds number ab. a constani angle
of attack of 10.1° 418 shown in figure 2. It 1e seen that
the results of the tests in the two-dimensional low-
turbulence pressure tunnel (designated TDT) and in the
two-dimensional lYow-turbulence tunnel (designated LTT) are
in good agreement. The slope of the curve decreases with
increasing RHeynolds number, an 1lndication that the effect
under investigation becomes less pronounced as the Reynolds
number 1ncreaeee.

The preeeure "distribution over the upper surface of
the alrfoil for several Reynolds numbers ls given in fig-
ure 3. The flat reglion neéar the trailing edge indicates
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that separation has occurred. It 1g to be noted that the

" pressure in the separated region-famains.consian&_igﬂggend—

ent of the Reynolds numdber; whereas -the pressures over the
remalnder of the upper eurface decrease with increasing
Reynolde number. Pressures were also measured at a chord-
wise position x/o of 0.30 on the lower surface and the

8
‘value of (é;) was .found to vary from 0.83 at R

= 0.9 X 10° _to 0.79 at E = 2.6 X 10°. The incremse 1n

1ift of the section with increaseing Reynolds number 1s -
therefore .seen to be connected directly with a decrease
in pressure over the upper surface and an increass in

"pressure over the lower surface.

VeXocity distributions in the boundary layer for va-—
rious chordwise positions x/e are given in figures 4 to
6. The variatlion of the boundary-layer thickness with
chordwise vpositien 1s eshown 'in filgure 7., PFigure 8 shows
the relative -thickness of the boundary layer at o = 10,1°
as compared with the mirfoil dimensions and the large in-—

"crease 1n thickness associated with separation, The ve—

locity profiles near the leading edge indlcate the exist-
ance of & local region of separated flow. The extent of
this reglon and the pressure distribution near the lead-
ing edge are shown ‘1n flgure 9. .

In order to obtain more information regarding the
separated region near the leading edge, a suspension of
lampblack in kerosene' wae painted on the wing in each
case before the tunnel was started. (See fig. 10(a).)
¥hen the alr stream was started, the fluld collected in
the separated region. The flow patterns were photographed
while the tunnel .was running. It 1ls seen from figures
10(b) to 10(e) that the extent of the separated reglon de-—
creased a8 the Reynolds number increased. This result is
in agreement with the conclusions drawn from the boundary-
layer surveys, T

A qualitative picture of the mechanism that brought
about the observed variatlion of 1ift coefficlent with
Reynolds number 1n thles case le suggested by the experl-
mental results obtained in this investigatlon. Y¥Yhen par-—
t1al stalling of the - flow near the tralling edge occurs,
there 1s no reason to suppose that the circulation and
hence the 1ift coefficlent is determined by the EKutta-—
Joukowskl condition. It was found in thie case that the
pressure in the separated region remained suhetantially
constant, independent of the Reynolds number, at a value



8lightly below that of .free—stream static pressure, " Exam—-
ination of numerous pressure-dietribution data shows that
the pressure in a region of 'permanent separation is »r&la-—
tively insensitive to changes in flow about the airfoil
and usually has a value similar to that observed in thie
caee. The condition that the pressure in the separated.
reglon remains sudbstantially constant 1s not in itself
sufflcient to determine the circulation, because the point
along the airfoll surface at which this pressure is at—
tained ie not yet determined. If in addition to the pres-—
sure in the separated reglon, however, the amount of pres—
sure recovery from the leading edge is known, then .the
circulation and-the poslition of the final separation point
is determined. .-

Consideratlon of the effect on the pressure - distribu-
tion of variation itn the circulation shows that these con—
ditlons are sufficlient to determine the flow. It 1s as—
sumed that the angle of attack 1s fixed and that separatioen
occurs at a fixed -value of the pressure coefficlent corre—
sponding te a pressure a little less than free—stream
pressure. If the eirculation is then increased, the pres—
sures on the upper surface near the leading:-edge must de—
oreasé, Conseguently, the amount of pressure recovery
which occurs before the flow separatees inoreases with in-
crease in the circulstion; that is, the pressure recovery
is a function of the circulation. For a given airfoll at
a given angle of -attack, therefore, the circulation is de-—
termined if the amount. of pressure recovery 1is specified.
in addition to the pressure in the separated reglon.

The presgure retovery from the leading edge takes
place almoet entirely in a reglon covered by the turbulent
boundary layer. The smount of pressure whlch car be re-
covered with a turbulent boundary layer 1s mailnly a fune—
tion of 1ts 1nitial thickness; that 1s, the thinner the
1nit4ial thickness of the turbulent boundary layer, the
greater the pressure d1fference between the point where
the boundary layer begine and the polnt where 1t separates.
Hence', a decrease 1n the boundary—-layer thicknese near the
‘leading edge must correspond to an increase in the 1lift
coefficient when the flow over the ailrfoll is partially
stalled. . . .

In -the case under conslderation, the turbnlent dbound-
ary layer is gffected by the Reynolde numdber .in two ways.
The first effect 1s the normal decrease 1in thicknesn of
the turbulent boundary layer assoclated vith an incresse .
in Reynolds number, The second and more 1mportant effeot
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in the present oase is the large decrease in the initial
thickness of the turbulent boundary layer-where-1t. forms
Just at the end of the region of laminar separation.
(See fig. 11.) The thickness of the initial turbulent
boundary layer is largely determined by the size of the
Preceding reglion of laminar separation which decreases
rapidly with increase in Reynolds number,

At higher Reynolds numbers 1t seems likely that the
Troeglon of local separation near the leading edge willl. be-—-
come insignificant or will completely disappear. It 1s
to be expected then that the 1lift may ccontinue to increase
somewhat with increase in Reynolds number, owing to the
.normal decreaee in boundsry—-layer thickness with increas—
"ing Reynolds number, dbut at a considerably lower rate.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.
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ERRATA ON FIGURRS

The values of section lift coefficient obtained

from IDT test 90 (figs. 1 and 2) should be corrected
by the following equation .

c = 0,964 + 0,008.
l(corrected) 64cy _
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NACA Fig. 10a

(a) Model before tunnel was started.

Figure 10(a to e).- Suspension of lampblack in

kerosene painted on upper
surface near leading edge of NACA 66, 2-216,
a= 0.6, airfoil section. & , 10.1. Direction
of flow from bottom to top of photographs.
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(¢) Flow pattern at R = 1.5 x 10

Figure 10.- Continued.
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Figs. 10b,c
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(d) Flow pattern at R = 2.2 x 108.

(e) Flow pattern at R = 2.5 x 105.

Figure 10.- Concluded.




